We have identified a novel Tolloid-like metalloprotease, called Xolloid-related (Xlr), that is expressed during early Xenopus development. Transcripts for xlr are localized to the marginal zone of mid-gastrulae and are most abundant in ventral and lateral sectors. At neurula stages xlr is strongly expressed around the blastopore and in the pharyngeal endoderm, and more weakly expressed throughout the ventral half of the embryo. Transcripts are detected in the nervous system, particularly the hindbrain and spinal cord, and tailbud of tailbud stage embryos, with weaker expression in the anterior nervous system, otic vesicle, heart, and pronephric duct. Transcription of xlr is increased by BMP4 and decreased by Noggin and tBR, indicating that xlr is regulated by BMP signalling. Injection of xlr mRNA inhibits dorsoanterior development and the dorsal axis inducing ability of coinjected chordin, but not noggin or tBR, mRNA. Xlr conditioned media cleaves Chordin in vitro, indicating that this protease may regulate the availability of Chordin in vivo. q
Introduction
Drosophila Tolloid (Tld) is a secreted metalloprotease that is required for dorsoventral patterning during the cellular blastoderm stage of embryogenesis (Shimell et al., 1991) . Transcripts for tld are localized to the dorsal half of the embryo and loss-of-function mutations transform dorsal into ventral fates (Arora and Nusslein-Volhard, 1992; Ferguson and Anderson, 1992; Shimell et al., 1991) . Tld is required for peak activity of the TGF-b-related signalling molecule Decapentaplegic (Dpp), a morphogen that specifies cell fates in the dorsal half of the embryo (Podos and Ferguson, 1999) . Precisely how Tld achieves this is at present unclear but it cleaves Short Gastrulation (Sog), a secreted protein that is synthesized in lateral regions of the embryo (Francois et al., 1994; Marques et al., 1997) . Sog is both a short-range inhibitor and a long-range activator of TGF-b-related signalling molecules, the latter requiring Tld activity (Ashe and Levine, 1999; Decotto and Ferguson, 2001 ). One suggestion is that Tld generates Sog cleavage fragments that transport Dpp to the dorsal midline, generating peak levels of Dpp activity (Decotto and Ferguson, 2001; Ross et al., 2001) . A fourth protein, Twisted Gastrulation (Tsg), that is also required for peak levels of Dpp signalling may both enhance the Tld-mediated cleavage of Sog and change the preferential cleavage sites (Ross et al., 2001; Yu et al., 2000) .
The molecular mechanisms underlying dorsoventral patterning in Drosophila embryos have been conserved in vertebrate embryos, although the axis has been inverted . In Xenopus gastrulae, the Dpprelated signalling molecule Bone Morphogenetic Protein-4 (BMP4) acts as a morphogen to specify cell fates in both the mesoderm and ectoderm (Dale and Wardle, 1999) . High concentrations specify ventral fates (e.g. blood and epidermis) and low concentrations specify lateral fates (e.g. muscle and neural crest), while dorsal fates (notochord and neural plate) are specified in the absence of BMP signalling (Dosch et al., 1997; Marchant et al., 1998; Wilson et al., 1997) . The BMP4 gradient is generated by the actions of several proteins, including a Sog-related protein called Chordin, Tld-related metalloproteases, and Xenopus Tsg (Dale and Wardle, 1999; De Robertis et al., 2000) . Chordin is secreted by the prospective dorsal mesoderm and directly binds BMP4 with high affinity, blocking BMP4 signalling in dorsal regions of the embryo (Piccolo et al., 1996) . Tldrelated metalloproteases cleave Chordin at two sites (Piccolo et al., 1997; Scott et al., 1999; Wardle et al., 1999b) , releasing fragments with reduced affinity for BMP4 and restricting diffusion of fulllength Chordin into ventrolateral regions (Blitz et al., 2000) . In vertebrates, Tsg has been proposed to both activate and inhibit BMP signalling (Chang et al., 2001; Larrain et al., 2001; Oelgeschlager et al., 2000; Ross et al., 2001; . Tsg directly binds both BMP4 and Chordin, forming a ternary complex that is thought to be a more potent antagonist of BMP signalling. However, Tsg may also potentiate the release of BMP4 from Chordin cleavage products, increasing BMP signalling (Larrain et al., 2001; Oelgeschlager et al., 2000) , and alter the sites preferentially used by Tld-related metalloproteases when cleaving Chordin .
Tld is the prototype for a family of metalloproteases that contains several vertebrate members, including Bone Morphogenetic Protein-1 (BMP1), which is found in many species (Fukagawa et al., 1994; Maeno et al., 1993; Reynolds et al., 2000; Takahara et al., 1994; Wozney et al., 1988) , mammalian Tld-like-1 and Tld-like-2 , chick Colloid-like-1 (Liaubet et al., 2000) , Xenopus Xolloid (Xld) (Goodman et al., 1998) , and zebrafish Tld (zTld) (Blader et al., 1997) . Overexpression of bmp1 or xld in Xenopus embryos, or ztld in zebrafish embryos, causes partial ventralisation, the resulting embryos having reduced notochord and head structures (Blader et al., 1997; Goodman et al., 1998; Piccolo et al., 1997) . The phenotype is remarkably similar to that caused by loss-of-function mutations in the zebrafish chordin gene (Hammerschmidt et al., 1996; Schulte-Merker et al., 1997) , and all three proteases have been shown to block the dorsalizing activity of Chordin in vivo and to cleave Chordin in vitro (Blader et al., 1997; Piccolo et al., 1997; Scott et al., 1999; Wardle et al., 1999b) . They do not block the dorsalizing activity of Noggin, a BMP4 antagonist unrelated to Chordin, or a dominant-negative receptor for BMP4. The results suggest that Tld-related metalloproteases act upstream of Chordin to specifically inhibit its activity. A role in dorsoventral patterning was confirmed by analysing the phenotype of loss-of-function mutations in the zebrafish mini fin (mfn) gene, which encodes zTld (Connors et al., 1999) . Mutant embryos exhibit reduced expression of ventral markers during gastrula stages and ventroposterior defects at later stages (Connors et al., 1999; Mullins et al., 1996) . Similar defects, accompanied by enlarged dorsoanterior structures, are observed in Xenopus embryos injected with dominant-negative bmp1 or xld mRNAs (Piccolo et al., 1997; Wardle et al., 1999b) . Both sets of embryos are partially dorsalized, consistent with increased stability of Chordin.
In this paper, we report the identification of a new member of the Tld family of metalloproteases, the third from the frog Xenopus laevis. The new gene, which we have called xolloid-related (xlr), encodes a protease that is most similar to mammalian Tld-like-1 and its putative orthologues zebrafish Tld and chick Colloid-like-1. Transcripts for xlr are localized to the ventral and lateral marginal zone of gastrulae and are most abundant around the blastopore and in the pharyngeal endoderm of neurulae. Ventrolateral expression of this gene is probably regulated by BMP4. Injection of xlr mRNA into dorsal blastomeres inhibits dorsoanterior development, while ventral injection blocks the dorsal axis inducing ability of coinjected chordin mRNA. Xlr conditioned media cleaves Chordin in vitro, indicating that this protease may regulate the availability of Chordin in vivo. Our results provide a new candidate for the Tld-metalloprotease responsible for regulating the availability of Chordin during Xenopus gastrulation.
Results

Isolation of xolloid-related
PCR was used to amplify cDNA made from Xenopus neurulae (stage 15-17), using oligonucleotide primers corresponding to sequences conserved in the catalytic domain and second CUB domain of vertebrate members of the Tld family of metalloproteases. Most amplified fragments encoded two previously identified members of this family, BMP1/Tld and Xld (Goodman et al., 1998; Lin et al., 1997; Maeno et al., 1993) , but a fragment encoding a novel Tld-related protease that we have called Xolloid- Xolloid-related (Xlr) . The first potential initiation codon for translation of xlr begins at nucleotide 462 and is preceded by an in frame stop codon (in bold) at nucleotides 378-380. The next in frame stop codon begins at nucleotide 4497, thus xlr encodes a protein of 1007 amino acids. In the 3 0 untranslated region three potential polyadenylation signals are highlighted in bold. That Xlr is an Astacin metalloprotease is demonstrated by the presence of two amino acid sequences (singly underlined) that are highly conserved amongst members of this family and are responsible for co-ordinating the active site zinc atom in astacin. The proregion of Xlr also contains a 21 amino acid sequence (doubly underlined) that is found in the proregions of many BMP1/Tld-related metalloproteases. A putative pro-convertase cleavage site is highlighted (in bold) at the end of the proregion. Cleavage at this site is thought to be essential for the activity of this family of proteases. The boundaries between the different domains of Xlr are also indicated (u). This sequence appears in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under the accession number AF393242. (B) Schematic diagram of Xlr illustrating the domain structure. P, proregion, M, metalloprotease domain, C, CUB domain, and E, EGF domain. (C) Percentage identity between the different domains of Xlr and those found in other BMP1/Tld related proteins. Cld, chick colloid-like-1 (Liaubet et al., 2000) , hTll-1, human tolloid-like-1 , zTld, zebrafish tolloid (Blader et al., 1997) , xTld, Xenopus tolloid (Lin et al., 1997) , hTll-2, human tolloid-like-2 , Xld, Xenopus xolloid (Goodman et al., 1998) , hTld, human tolloid (Takahara et al., 1994) , apTBL, Aplysia tolloid/BMP1-like (Liu et al., 1997) , dTld ¼ Drosophila tolloid (Shimell et al., 1991 (Fig. 1A ). An N-terminal secretory signal sequence is followed by a prodomain and the 200 amino acid metalloprotease domain, five CUB and two EGF domains with the arrangement CUB-CUB-EGF-CUB-EGF-CUB-CUB (Fig. 1B) . The domain structure is identical to that of many other members of the Tld family, including Xenopus Xld.
Comparison of the full-length amino acid sequence for Xlr with those for other members of the Tld family shows that it is most closely related to chick Colloid-like-1, human Tldlike-1, and zebrafish Tld (Fig. 1C ). This is true even when comparing the highly variable proregions (64% identical to Colloid-like-1, 57% identical to human Tld-like-1, and 49% identical to zTld). The proregion of Xlr contains the conserved 21 amino acid sequence (YKDPCKAVVFWG-DIALDEEDL) identified in the proregions of many other Tld metalloproteases (Goodman et al., 1998) , and a putative proconvertase cleavage site (RIPR) that immediately precedes the metalloprotease domain. Cleavage at this site is thought to be essential for activating the protease domain of Tld-related metalloproteases (Stocker et al., 1993) . Within the metalloprotease domain there are two highly conserved signature sequences (HELGHVIGF-WHEHTRPDRDD and YDFDSIMHYA) for members of the larger family of Astacin metalloproteases (Bond and Beynon, 1995) . In Astacin, these sequences co-ordinate the Zn 21 atom in the active site (Bode et al., 1992) .
Expression of xlr in Xenopus embryos
The temporal expression pattern of xlr was initially determined by RNase protection analysis ( Fig. 2A) . Transcripts were first detected in early gastrulae (stage 10), with levels peaking in mid-neurulae (stage 17) before dropping to significantly lower levels at tailbud stages (Stages 25-40). A probe for the uniformly expressed ornithine decarboxylase (odc) confirms that similar levels of total RNA were added to each assay. Although maternal transcripts for xlr were not detected by RNase protection analysis they were detected by RT-PCR analysis (Fig. 2B ), indicating that they are present at very low levels. Previously, we had no difficulty in detecting maternal transcripts for bmp1 and xld by RNase protection analysis (Goodman et al., 1998) , suggesting that both of these genes are expressed more abundantly than xlr during oogenesis. Transcript levels for xlr increased after the onset of zygotic transcription, in late-blastulae (stage 9), as indicated by an increase in expression levels of ef1a and the appearance of transcripts for chordin and xwnt8 (Fig. 2B ). RNase protection analysis was also used to assess the spatial distribution of xlr, using total RNA from embryo fragments (Fig. 2C ). Transcripts for xlr were detected in marginal zone fragments isolated from late-blastulae (stage 9), but were not detected in animal or vegetal caps. Xlr was expressed at similar levels in dorsal and ventral fragments isolated from early gastrulae (stage 10), but was absent from dorsal fragments isolated from early neurulae (stage 13). Thus, xlr appears to be widely expressed at these earlier stages but transcripts are lost from dorsal tissues during gastrulation.
The spatial distribution of xlr mRNA was also determined . Transcripts for xlr were first detected in early gastrulae and reached peak levels in neurulae, before dropping to lower levels at tailbud stages. (B) RT-PCR analysis of total RNA isolated from Xenopus embryos collected at 1 hourly intervals from mid-blastula (stage 7) through to midgastrula (stage 11) stages. A faint signal for xlr was detected at stage 7, indicating low levels of maternal xlr expression. Zygotic expression was detected in late blastulae, but lags behind that of chordin, xwnt-8, and ef1a.
(C) RNase protection analysis of total RNA (10 mg/protection) isolated from embryo fragments at the indicated stages using probes for xlr and odc. Xlr mRNA was not detected in animal (An) and vegetal (Ve) fragments of late blastulae (stage 9), but was detected, at low levels, in the marginal zone (MZ). In early gastrulae (stage 10), xlr mRNA was detected at similar levels in both dorsal (D) and ventral (V) quadrants. Xlr mRNA was detected at similar levels in anterior (A), posterior (P) and ventral (V) fragments isolated from early neurulae (stage 13), but was not detected in dorsal (D) fragments.
by whole mount in situ hybridisation with a DIG labelled antisense probe (Fig. 3 ). Transcripts were first detected in early-gastrulae (stage 10.5) as a faint arc in the ventral and lateral marginal zone, with staining getting stronger in midgastrulae (stage 11) (Fig. 3A) . A dorsal-anterior patch of staining also was detected at this stage (arrow in Fig. 3A ).
Weak staining was detected in the dorsal marginal zone following longer staining times. At neurula stages staining was strong around the blastopore and in an anterior patch close to the cement gland (Fig. 3B ). Sagittal sections through these embryos show that this strong anterior staining is localized to the pharyngeal endoderm (Fig. 3C ).
Weaker staining was also detected throughout ventral regions of the embryo, particularly the ventral mesoderm ( Fig. 3C ), but not in the neural plate. At stage 27, strong staining is seen in the posterior wall of the developing tailbud, extending anteriorly in the dorsal roof of the neural tube (Fig. 3D ). Weak staining is seen around the proctodeum and in the head, including the developing hindbrain. A similar staining pattern is seen throughout tailbud stages but staining in the anterior nervous system becomes more prominent and staining of the proctodeum is lost (Fig. 3E ).
Hindbrain staining is quite strong at stage 32 and extends into the anterior spinal cord. Weak staining is now detected in the retina, dorsal otic vesicle (adjacent to strong staining in the hindbrain), heart and pronephric duct. Cross sections through tailbud stage embryos (stage 32) confirm prominent staining in the central nervous system (Fig. 3F-I ). Staining is localized to the lateral mantle layer of the hindbrain and anterior spinal cord (Fig. 3F, G) , and to the dorsal roof of the neural tube in the tail (Fig. 3H, I ).
Expression of xlr is regulated by BMP4
Our results show that mRNA for xlr is localized to ventral and lateral sectors of the marginal zone of Xenopus gastrulae, where BMP4 is thought to play a prominent role in specifying cell fate (Dale and Jones, 1999) . To test for a role for BMP4 in regulating xlr expression, we injected synthetic bmp4 mRNA into each blastomere at the 2-cell stage and analysed expression of xlr by RNase protections at a mid-gastrula stage. BMP4 caused a prominent increase in xlr expression in both whole embryos and dorsal marginal zone fragments, but not in ventral marginal zone fragments ( Fig. 4) . In contrast, injection of synthetic noggin mRNA, which encodes an inhibitory binding protein for BMP4 (Zimmerman et al., 1996) , or dominant-negative bmprI mRNA (tBR) (Suzuki, 1995) , caused a marked reduction in xlr expression in ventral marginal zone fragments, and to a lesser extent in whole embryos. These data suggest that expression of xlr in the marginal zone of gastrulae is regulated by BMP4. Other members of the TGF-b family, Derrière and Vg1, as well as unrelated molecules such as eFGF and Wnt3A had no discernible effect on xlr expression (data not shown).
Xlr ventralizes Xenopus embryos
Having determined that xlr transcripts are lost from dorsal regions of the embryo during gastrulation, we analysed the effects of injecting synthetic xlr mRNA into both dorsal blastomeres at the 4-cell stage. At early tailbud stages it was clear that most xlr injected embryos had anterior defects, with the most severely affected embryos lacking eyes and cement glands (Fig. 5B, C) . The yolky endoderm failed to ingress completely and was more posteriorly located than in normal embryos, frequently resulting in an . RNase protection analysis of xlr and odc expression in embryos injected with 1.5 ng of dominant negative bmp receptor (tBR) mRNA, 1.5 ng of BMP4 mRNA, and 500 pg of noggin mRNA. Expression was analysed at stage 13 in whole embryos (WE), dorsal marginal zone (DMZ) fragments and ventral marginal zone (VMZ) fragments. Marginal zone fragments were isolated at stage 10 and incubated until stage 13 before analysis. BMP4 induces a large increase in xlr expression in whole embryos and DMZs, while Noggin and tBR (BMP inhibitors) reduce xlr expression in VMZs. Noggin also reduces xlr expression in whole embryos. enlarged proctodeum. Many of these embryos had greatly reduced, or absent, notochords, with the somites fused across the dorsal midline (data not shown). To assess the extent of anterior defects, we used xbf1 as a marker for the telencephalon and branchial arch neural crest (Bourguignon et al., 1998) , otxA as a marker for anterior brain (Lamb et al., 1993) , engrailed-2 as a marker for the midbrain-hindbrain boundary (Hemmati-Brivanlou et al., 1991) , and krox20 as a marker for the third and fifth rhombomeres of the hindbrain (Bradley et al., 1993) . Whole mount in situ hybridisation showed that xbf1 (Fig. 5D-F) , otxA, and krox20 (Fig. 5G-I ) expression was greatly reduced in xlr injected embryos and almost completely absent in the most severe cases. Just a single stripe of krox20 expression was visible in the hindbrain of the most severely affected embryo (Fig. 5I) . Engrailed-2 expression was also reduced in xlr injected embryos and absent in the most severe cases (Fig. 5J-L) . The results suggest that forebrain is severely reduced in xlr injected embryos and that there are also defects in both the midbrain and hindbrain.
The absence of notochord, and anterior defects, in xlr injected embryos are consistent with weak ventralisation of the mesoderm. To test this we used whole mount in situ hybridisation to analyse gastrulae for changes in gene expression, using DIG labelled antisense probes for xnot (von Dassow et al., 1993) , myf5 (Hopwood et al., 1991) , and xwnt8 (Christian et al., 1991; Smith and Harland, 1991) . Xnot expression is normally localized to the prospective notochord and extends along the anterior-posterior axis of control gastrulae (Fig. 6A) . This does not occur in xlr injected embryos (Fig. 6B) , indicating that the convergentextension movements responsible for extending the developing notochord have been disrupted. We have seen a similar effect on sox2 expression in the neural plate (data not shown). Myf5 expression is normally localized to the developing myotome, lateral to the domain of xnot expression (Fig. 6C) , but is shifted into the dorsal marginal zone of xlr injected embryos (Fig. 6D) . Similarly, expression of xwnt8, which is normally localized to ventral and lateral sectors of the marginal zone (Fig. 6E) , is shifted dorsally Fig. 6 . Ventralization of Xenopus gastrulae by Xlr. Xenopus embryos were injected with 1.5 ng of xlr mRNA and analysed at stage 11-12, by whole mount in situ hybridization. In all cases embryos are viewed from the vegetal pole and the dorsal axis is uppermost. (A) Uninjected embryo showing that not1 expression is localized to the dorsal midline (the notochord), extending anteriorly from the blastopore lip. (B) xlr injected embryo showing that not1 expression is retained, but is confined to the blastopore lip. (C) Uninjected embryo showing that myf5 expression is localized to dorsal-lateral mesoderm (somites) and is absent from the dorsal midline. (D) xlr injected embryo showing that myf5 expression expands into the dorsal midline of xlr injected embryos. As a consequence, and in contrast to control embryos, some dorsal midline cells will express both not1 and myf5. (E) Uninjected embryo showing that wnt8 expression is localized to lateral and ventral mesoderm. (F) xlr injected embryo showing a dorsal shift in wnt8 expression, although it is not expressed in the dorsal midline, and a reduction in ventral expression.
in xlr injected embryos (Fig. 6F) . Both results suggest a weak ventralisation of the mesoderm.
Xlr cleaves Chordin
The phenotype of xlr injected embryos is indistinguishable from that of embryos injected with either xbmp1 or xld mRNA (Goodman et al., 1998) , two closely related metalloproteases that inactivate the dorsalizing signal Chordin (Piccolo et al., 1997; Wardle et al., 1999b) . It is therefore possible that Xlr also inactivates Chordin. To test this we have injected a single ventral-vegetal blastomere at the 8-cell stage with 500 pg of chordin mRNA alone or in combination with 500 pg of xlr mRNA. Embryos were analysed at an early tailbud stage (stage 28) for the presence of a secondary dorsal axis. More than 50% of embryos injected with chordin mRNA alone exhibited a secondary dorsal axis (Fig. 7A, C) , while embryos coinjected with chordin and xlr mRNAs did not (Fig. 7B, C) . In contrast, xlr (500 pg) had no effect on the ability of coinjected noggin (50 pg) or tbr (dominant-negative BMP receptor) mRNA to induce secondary axes (Fig. 7C) . Thus Xlr appears to specifically antagonise Chordin. To test whether Xlr inactivates Chordin by proteolysis we transfected NIH-3T3 cells with an xlr cDNA under the control of the CMV promoter and collected Xlr conditioned media. As controls we transfected cells with plasmid alone or with a mutant cDNA (Xlr (Y286N) ) in which Tyrosine 286 has been replaced by Asparagine. Previous studies have shown that this mutation inactivates Tldrelated metalloproteases (Childs and O'Connor, 1994; Finelli et al., 1994; Piccolo et al., 1997) . Myc-tagged Xenopus Chordin was incubated with conditioned media for 4 h at 37 8C and analysed by Western blot with anti-myc antibodies (Fig. 7D) . Chordin was cleaved by Xlr conditioned medium, giving rise to a 15 kDa C-terminal fragment (Fig.  7D, lane 3) , but not by control conditioned medium (Fig.  7D, lane 2) or Xlr (Y286N) conditioned medium (Fig. 7D, lane  4) . Cleavage of Chordin was blocked by 5 mM 1,10-phenanthroline, an inhibitor of zinc metalloproteases (Fig.  7D, lane 5) .
Discussion
In this paper, we describe the isolation of cDNAs for xolloid-related (xlr), a novel member of the Tld family of metalloproteases. This is the third member of this family to be identified in X. laevis, after bmp1/tld and xld (Goodman et al., 1998; Lin et al., 1997; Maeno et al., 1993) . A more distantly related metalloprotease, Xenopus hatching enzyme, has also been described (Katagiri et al., 1997; Sato and Sargent, 1990) . We have called this new gene xlr because its sequence is highly similar to that of xld, and because the domain structure of the encoded protease is identical to that of Xld. The N-terminal secretory signal sequence is followed by a proregion, an Astacin-like metalloprotease domain, and C-terminal CUB and EGF proteinprotein interaction domains. Xlr has five CUB and two EGF domains with the arrangement CUB-CUB-EGF-CUB-EGF-CUB-CUB. The same arrangement is found in many other members of the Tld family, including Drosophila Tld (Shimell et al., 1991) and Tolkin (Finelli et al., 1995; Nguyen et al., 1994) , Aplysia Tld/BMP1-like (Liu et al., 1997) , zebrafish Tld (Blader et al., 1997) , mammalian and Xenopus Tld (Lin et al., 1997; Takahara et al., 1994) , chick Colloid-like-1 (Liaubet et al., 2000) , and mammalian Tld-like-1 and Tld-like-2 . A shorter arrangement, CUB-CUB-EGF-CUB, is found in BMP1 (Wozney et al., 1988) , which is encoded by the same gene as vertebrate Tld (Takahara et al., 1994) . Xlr is most closely related to chick Colloid-like-1, mammalian Tld-like-1, and zebrafish Tld, the mature protease being 90.8, 88.8 and 87.6% identical, respectively. This is also true of the more variable proregion, which shares 63.6, 57.1, and 49.4% identity to chick Colloid-like-1, mammalian Tld-like-1, and zebrafish Tld, respectively. Xlr is only 78.3% identical to human Tld-like-2 and 78% identical to human Tld. On the other hand, Xld is 84.3% identical to human Tld-like-2 but only 76.3% identical to human Tldlike-1 and 78.4% identical to human Tld. It is probable that Xlr, along with Colloid-like 1 and zTld, is an orthologue of human Tld-like-1, while Xld is an orthologue of human Tldlike-2.
Xlr is highly expressed in ventral and lateral sectors of the marginal zone of Xenopus gastrulae, where BMP signalling is thought to play a prominent role in specifying cell fate (Dale and Jones, 1999) . Transcripts for bmp4 are abundant in ventrolateral sectors of the gastrulae, and absent from the dorsal marginal zone (Fainsod et al., 1994; HemmatiBrivanlou and Thomsen, 1995; Schmidt et al., 1995) . BMP signalling has been detected in the ventrolateral marginal zone by staining for phosphorylated Smad-1, which transmit BMP signals to the nucleus (Faure et al., 2000; Kurata et al., 2001) . We have shown that expression of xlr is increased when BMP4 is over-expressed and decreased by inhibitors of BMP signalling (tBR and Noggin), demonstrating that xlr expression during gastrulation is regulated by BMP signalling. However, we do not yet know if the xlr promoter is a direct target of BMP signalling. Xlr may also be regulated by BMP signalling at later stages, since there is considerable overlap between the expression domains of xlr and bmp4. Both genes are expressed in the ventrolateral mesoderm of neurulae, with prominent expression around the blastopore and in the pharyngeal endoderm (Fainsod et al., 1994; Hemmati-Brivanlou and Thomsen, 1995; Schmidt et al., 1995) . These are also regions where phosphorylated Smad-1 has been detected (Beck et al., 2001; Faure et al., 2000; Kurata et al., 2001) . At tailbud stages both xlr and bmp4 are expressed in the posterior wall of the developing tailbud, where BMP signalling has been shown to have a role in the formation of tail somites (Beck et al., 2001 ).
There are some similarities between xlr expression in Xenopus embryos and ztld expression in zebrafish embryos. Transcripts for ztld are lost from dorsal sectors of the embryo during gastrulation and are localized to anterior and posterior domains once gastrulation has been completed (Blader et al., 1997; Connors et al., 1999) . Strong expression is subsequently detected in the tailbud, which appears to be regulated by BMP signalling. Tailbud expression of ztld is reduced in swirl/bmp2b mutant embryos and expanded in dino/chordin mutant embryos (Connors et al., 1999) . In contrast, the closest mammalian of homologue of xlr, tldlike-1, appears to have a much more restricted expression pattern during gastrulation. Transcripts for tld-like-1 are localized to anterior parts of the 6.5 dpc mouse embryo Scott et al., 1999) , in a domain that overlaps the expression domain of the cardiac-specific nkx-2.5 gene . Mice that are homozygous for a null-mutation of the tld-like-1 gene die at mid-gestation from cardiac defects . Transcripts for tld-like-2 are localized to the posterior portion of the mouse egg cylinder at 6.5 dpc, in the nascent mesoderm streaming from the primitive streak, while transcripts for bmp1/tld are widely distributed . Hence none of the known murine genes have a similar expression pattern to xlr during gastrulation. A different expression pattern has also been described for chick colloid-like-1, which is strongly expressed in the caudal notochord at all embryonic stages tested (HH stages 6-15) and transiently (HH stage 8) in the somites and pharynx (Liaubet et al., 2000) . It is not known if any of the murine tld-like genes or chick colloid-like 1 are regulated by BMP signalling.
The ventrolateral localisation of xlr transcripts during gastrulation suggests a role for this gene in dorsoventral patterning. Consistent with this suggestion we have shown that injection of xlr mRNA into dorsal blastomeres weakly ventralizes embryos, which have reduced head structures and a greatly reduced, or absent, notochord. The phenotype is similar to that obtained following injection of xbmp1 or xld mRNAs (Goodman et al., 1998) , as well as low concentrations of bmp4 mRNA (Dale et al., 1992; Dosch et al., 1997) . BMP1 and Xld have previously been shown to block the dorsalizing activity of the BMP antagonist Chordin, but not the unrelated BMP antagonists Noggin and Follistatin nor a dominant-negative BMP receptor (Piccolo et al., 1997; Scott et al., 1999; Wardle et al., 1999b) . Both enzymes cleave Chordin in vitro, generating fragments that have a reduced affinity for BMPs . Hence increases in BMP1 or Xld activity is followed by an increase in BMP signalling (Piccolo et al., 1997) . In this paper, we have shown that injection of xlr mRNA into Xenopus embryos blocks the dorsalizing activity of coinjected chordin but not noggin, indicating that Xlr is also a specific antagonist of Chordin. Moreover, we have shown that Xlr cleaves Chordin in vitro. Since Xlr generates a C-terminal Chordin fragment of similar size to those generated by BMP1 and Xld, it is probable that all three enzymes recognize the same cleavage sites. We therefore anticipate that the Chordin cleavage products produced by Xlr will also have a reduced affinity for BMPs and that this will increase BMP signalling (Piccolo et al., 1997) . Hence, Xlr is part of an autoregulatory mechanism whereby BMP4 increases its own activity (Jones et al., 1992) . BMP4 achieves this by directly activating its own transcription (Kim et al., 1998; Metz et al., 1998) and by down-regulating transcription of chordin and noggin (Dosch et al., 1997; Jones et al., 1996) . In addition, by activating transcription of xlr, BMP4 reduces the extracellular concentration of its antagonist Chordin. Our data suggests that BMP1, Xld, and Xlr have similar enzymatic activities, at least with respect to Chordin, indicating substantial redundancy amongst Tld-related metalloproteases during Xenopus gastrulation. All three proteases may act to restrict diffusion of full-length Chordin from its site of synthesis in the prospective dorsal mesoderm. However, while bmp1/tld and xld are widely expressed in Xenopus gastrulae, xlr is localized to ventral and lateral sectors of the marginal zone. Thus xlr has a reciprocal expression pattern to chordin, which is localized to the dorsal marginal zone (Sasai et al., 1994) . As a consequence, we suggest that Xlr is likely to play the prominent role in regulating diffusion of Chordin into lateral mesoderm. The reciprocal expression patterns of chordin and xlr reminds us of the situation in Drosophila embryos, where transcripts for tld, and the bmp4 homologue dpp, are localized to the dorsal ectoderm (Shimell et al., 1991) while transcripts for sog, a chordin homologue, are localized to the lateral neurectoderm (Francois et al., 1994) . Degradation by Tld (Marques et al., 1997) restricts diffusion of Sog dorsally, generating a ventral (high) to dorsal (low) gradient of Sog that is responsible for the reciprocal gradient of Dpp activity (Srinivasan et al., 2002) . We suggest that something similar occurs in Xenopus gastrulae, with Xlr generating a dorsal (high) to ventral (low) gradient of Chordin that in turn generates a reciprocal gradient of BMP activity (Dale and Wardle, 1999; Dosch et al., 1997) . However, we cannot exclude an alternative explanation whereby the role of Xlr would be to restrict Chordin, and hence inhibition of BMP activity by Chordin, to the dorsal mesoderm (Blitz et al., 2000) .
While we have concentrated our discussion of Xlr to its potential role in dorsoventral patterning, it is worth remembering that other Tld-related metalloproteases have multiple roles. In addition to Chordin, BMP1 cleaves several proteins that are components of the extracellular matrix, including Procollagens (Kessler et al., 1996; Li et al., 1996) , Prolysyl Oxidase (Panchenko et al., 1996) , Probiglycan , and Laminin-5 (Amano et al., 2000) . Similarly, Tldlike-1 has been shown to cleave Procollagens and Probiglycan , while Tld-like-1 and Tld-like-2 have been shown to cleave Prolysyl Oxidase (Uzel et al., 2001) . Hence the Tld family exhibits redundancy with respect to several substrates. It is therefore likely that Xlr has additional substrates that may be components of the extracellular matrix and that this protease may have a role in regulating morphogenetic movements during gastrulation. Localized expression of xlr around the blastopore of gastrulae would be consistent with such a role.
Materials and methods
Isolation of xlr cDNAs
Total RNA was extracted from Xenopus neurulae (stages 15-17) and cDNA prepared using random hexanucleotide primers (Promega) and MMLV-RT (Promega). PCR was performed with Taq polymerase (Promega) and oligonucleotide primers based on conserved amino acid sequences in the metalloprotease domain (WHEHTRPD) and second CUB domain (PNYPDDY) of vertebrate members of the Tld family. PCR fragments of ,700 bp were cloned and sequenced. Most fragments were identical to bmp1/tld or xld (Goodman et al., 1998; Lin et al., 1997; Maeno et al., 1993 ) but a novel gene we have called xolloid-related (xlr) also was identified. The PCR fragment for xlr was used to screen ,10 6 plaques of a stage 17 Xenopus cDNA library (a gift of C. Kintner), the largest clone isolated containing an ,3 kb insert lacking all coding sequence for the N-terminal proregion and metal-loprotease domains. This insert was used to probe ,10 6 plaques of a stage 42 Xenopus cDNA library (a gift of M. King), from which a 4662 bp insert was obtained. However, this insert still lacked the N-terminal signal sequence and part of the proregion. An additional 638 bp of 5 0 sequence was obtained from the stage 17 cDNA library by PCR using Taq polymerase and nested phage and xlr-specific primers.
Phage: CTTTTGAGCAAGTTCAGC and CAGCCTG-GTTAAGTCCAAG.
Xlr: ATAGGTCATGTTCTTCAAGGCC and GAGTG-CTGTGTCAAGTCAATCG.
The composite sequence appears in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under the accession number AF393242. DNA and protein sequence analyses were performed using MacVector (Oxford Molecular).
Xenopus embryos, microinjection and dissection
Xenopus embryos were staged according to Nieuwkoop and Faber (Nieuwkoop and Faber, 1967) . Embryos were injected with 10-15 nl of capped synthetic mRNA (see text for amounts) at the 2-4 cell stage and incubated in 5% NAM (Sive et al., 2000) plus 4% Ficoll (Sigma, Type 400). Dissections were performed at stages 10 (early gastrula) and 13 (early neurula) and fragments incubated in full-strength NAM until the required stage of development.
DNA constructs for microinjection
A PCR fragment for xlr, lacking 462 bp of 5 0 UTR, was subcloned into the BamHI-XbaI sites of pCS2 1 (Rupp et al., 1994; Turner and Weintraub, 1994) to generate pCS2-Xlr. Deletion of the 5 0 UTR was required for efficient translation of synthetic xlr mRNA in vitro and biological activity in vivo. PCR was also used to introduce the nucleotide sequence GACTACAAGGACGATGACGACAAG (encoding the Flag sequence DYKDDDDK) after nucleotide 3482 of xlr, generating pCS2-Xlr-Flag. A point mutation, converting Tyrosine 286 (codon TAT) into Asparagine (codon AAT), was introduced by PCR to generate pCS2-Xlr (Y286N) . This mutation has been shown to be antimorphic (dominant-negative) in both Drosophila tld and Xenopus xld (Childs and O'Connor, 1994; Finelli et al., 1994; Piccolo et al., 1997) . All three constructs were linearized with Not1 prior to in vitro transcription. pSP64T-tBR (Suzuki, 1995) , pSP35-chordin (Sasai et al., 1994) , pSP64T-noggin (Wardle et al., 1999a) , pSP64T-XBMP4 (Dale et al., 1992) were linearized with xba1 prior to in vitro transcription. Capped synthetic mRNAs were transcribed with an SP6 Message Machine kit (Ambion) according to the manufacturer's instructions and taken up in sterile RNase free water.
RNA analysis
RNase protections were performed using probes for xlr (a 322 bp fragment including nucleotides 1572-1894) and ornithine decarboxylase (Isaacs et al., 1992) as previously described (Goodman et al., 1998) . Total RNA was isolated from an equivalent number of embryos or embryo fragments, hybridized to the probes in 50% formamide/PIPEs buffer, digested with 700 units/ml of RNase T1 (GIBCO-BRL) and separated on polyacrylamide gels (Novex).
RT-PCR was performed using the following gene specific oligonucleotide primers.
Xlr: TACATGGGAAATTTTGT and TCTCTTGGCT-TTGCTT Chordin:CCTCCAATCCAAGACTCCAGCAG and GG-AGGAGGAGGAGCTTTGGGACAAG xwnt8: ACATCAGTT-TGGGTCTCC and GGAAGAA-ATCCTGAAGGC ef1-a : TCACCCAGGCCAGATTGGTG and GGGTAG-TCTGAGAAGCTCTC odc: GGGACCAACGTGTGATGGGC and CATGTTC-TTTAATATCATGC Ten embryos were collected at hourly intervals from early blastula (stage 7.5) to late gastrula (stage 12) stages and total RNA isolated using guanidinium isothiocynate and phenol/ chloroform extraction. cDNA was synthesized from 1 mg of total RNA using 1 mg of oligo-dT primer (Promega) and MMLV-RT (Promega) in a reaction volume of 40 ml. PCR was performed with Taq polymerase (Promega) using 1 ml of cDNA in a final volume of 25 ml for 26-28 cycles.
Whole mount in situ hybridisations (Goodman et al., 1998; Harland, 1991) were performed with DIG-labelled antisense probes for xlr (4.7 kb insert from stage 42 library), xbf1 (Bourguignon et al., 1998) , otxA (Lamb et al., 1993) , krox20 (Bradley et al., 1993 ), engrailed-2 (HemmatiBrivanlou et al., 1991 ), xnot (von Dassow et al., 1993 , myf5 (Hopwood et al., 1991) , and xwnt8 (Christian et al., 1991) . Embryos stained for xlr were post-fixed in 4% paraformaldehyde, then embedded in paraffin wax, 20 mm sections cut and mounted in DPX. Photographs were assembled in Adobe Photoshop.
Transfection and protease assays
Xlr conditioned medium was produced by transfecting 60% confluent NIH-3T3 cells. Two micrograms of DNA (either pCS2-Xlr, pCS2-Xlr (Y286N) , or pCS21) and 16 ml of LipofectAMINE (Gibco BRL) in 400 ml Optimem (Gibco BRL) were mixed and allowed to form DNA-liposome complexes for 30 min at room temperature before being added to the cells in a 6 cm dish with 1.6 ml Optimem. Cells were incubated at 37 8C with 10% CO 2 for 5 h before replacing the medium with E4 medium (Gibco BRL) with-out foetal calf serum. The medium was collect 36 h later and concentrated five-fold using a spin column (Amicon) with a size selection greater than 10 kDa. Ten microliters of conditioned medium was incubated with 5 ng of myc-tagged chordin protein (Piccolo et al., 1997) for 4 h at 30 8C. In some cases digestions were carried out in the presence of 5 mM 1,10-phenanthroline (Sigma), a zinc chelator that inhibits zinc metalloproteases. Protein samples were separated by SDS-PAGE, under reducing conditions, on 4-20% gradient gels (Novex) and transferred onto Nylon membranes (Amersham) using a semi-dry blotter (BioRad). Myc-tagged chordin was detected by ECL according to the manufacturer's instructions (Amersham) using 9E10 monoclonal antibodies (Santa Cruz).
